Abstract We deployed an on/offshore seismic network consisting of 36 threecomponent stand-alone digital stations in the Saronikos Gulf and surrounding area and observed the microseismic activity from 17 August to 9 December 2001. The geometry and location of the network were designed to observe the offshore activity to connect known active faults onshore with those offshore. An average of 15 events per day were recorded by a minimum of six stations. The focal parameters of 739 events could be defined. Within the network area we located 306 events with an rms travel-time residual of about 0.2 sec. The epicenters in the Saronikos Gulf are aligned mainly along an east-west trending fault with a length of nearly 30 km. This fault is located north of Aegina and could produce earthquakes as large as M s 6.5. It is the offshore continuation of a seismic zone located in east Corinthia. A second active fault was identified east of Aegina, trending northeast-southwest. It is probably linked to the northeast-southwest striking zone of the Salamis-Fili seismic region, activated by the September 1999 event of Athens. Outside the network we mapped an active area at the Parnis mountain, still active after the M s 5.9 event, and a second one further northeast at the western coast of Evia. This zone is close to Chalkis and the recently active Psachna area. The network also mapped intense activity at the northeastern coast of Evia, close to the city of Kymi and the area of Skyros, which was seriously damaged by an M s 5.8 earthquake in 2001. The onshore/offshore local network identified several regions of very high seismic activity not detectable by regional networks, and demonstrated once more the advantage of deploying local seismic networks for mapping active deformation in very short periods of time.
Introduction
The region of Attica and, in particular, that of the city of Athens have long been considered aseismic (Sieberg, 1932) . This was mainly attributed to the fact that the historical center of the City, built on schist of high rigidity, is not vulnerable to earth tremors. However, since Athens has been constantly expanding, densely urbanized areas have encroached into seismogenic regions and Athens has become vulnerable to earthquakes. Today, according to estimates of Papadopoulos and Arvanitides (1996) the seismic risk of Athens is among the highest in Greece. This was verified dramatically by the M s 5.9 earthquake of 7 September 1999, which was the costliest natural disaster of Greece in recent history.
Prior to this event and during the instrumental period of Greek seismology, no significant earthquake activity had been reported. The strongest shocks (M s 6.0) to affect Athens were located in the Thiva-Oropos zone at a distance of more than 50 km from the historic center of the city (Papazachos and Papazachou, 1997) . Events of rather small magnitude recorded from time to time in the vicinity of Athens, like those of 3 April (M s 4.2) and 4 December (M s 3.5) 1965 and a cluster of events ranging from 3.8 to 4.5 in November 1997 [see the National Observatory of Athens (NOA) bulletins], did not attract public interest. It was therefore assumed that a detailed examination of the microseismicity of the Athens area was unnecessary.
The 1999 event, however, clearly demonstrated that the low rate of seismicity alone is not a safe criterion to assess the seismic potential of a region. Only a detailed tectonic analysis and mapping of active faults and soil conditions contribute toward a reliable seismic risk assessment. Had such studies been undertaken before 1999, they certainly would have revealed the potential risk of the active tectonic structures that ruptured during the 7 September 1999 seismic crisis.
Public awareness and the need for a thorough understanding of the regional seismic potential after the 7 September 1999 event motivated the Earthquake Planning and Protection Organization of Greece to support an onshoreoffshore microseismicity survey in the region of the Saronikos Gulf, whose purpose was to identify active faults onand offshore and to define their seismic potential. A local seismic network was deployed consisting of eight ocean bottom seismographs (OBS) and 28 land stations (Fig. 1) . This network operated for 45 days.
Both marine and land stations were equipped with SEDIS seismic recorders of GeoPro, Hamburg (Makris and Moeller, 1990 ; GeoPro technical reports). These instruments are capable of recording six seismic channels on hard disc with 10-GB capacity. Onshore, an integrated Global Positioning System (GPS) receiver provides coordinates and timing at each location. Marine stations are housed in a 17-inch glass sphere and record seismic signals directly on the sea floor. A gimbal-mounted three-component geophone system and a deep sea hydrophone are used for this purpose. The instruments are autonomous and can be acoustically addressed by a surface-mounted system. Timing is provided by an internal quartz clock. By measuring the quartz temperature continuously and GPS time at the beginning and end of the survey, time-drift corrections are obtained for each instrument.
Regional Tectonics
The region of Attica as presented in the 1:50,000 scale geological maps of the Institute of Geology and Mineral Exploration of Greece (IGME) (1989), belongs to an autochthonous metamorphic basement of Paleozoic-Mesozoic age, consisting of marbles and schists (see also Jacobshagen, 1986) . Remnants of a "tectonic cover" have been identified in several localities. A major tectonic boundary, dominating the area, separates the mountains of Parnis to the northwest from those of Pendeli and Immitos to the southeast. These two are characterized by metamorphic rocks, mainly marbles and schists belonging to the Cyclades Massif, which dip to the northwest, below the nonmetamorphic limestones of northwestern Attica. Normal faults along the Parnis mountain are considered to be the eastward extension of the Corinthiakos Gulf fault system and are of roughly east-west orientation. During historic times and the more recent period of instrumental earthquake observations in Greece, considerable earthquake activity has been observed along this zone, whereas the southeastern part of Attica appears to be nearly aseismic (Galanopoulos, 1960 (Galanopoulos, , 1961 Makropoulos et al., 1989; Papazachos and Papazachou, 1997) .
The Saronikos Gulf is a neotectonic basin, divided by a very shallow north-south-oriented platform into a western and an eastern part. The islands of Methana, Angistri, Aegina, and Salamis (see Fig. 1 ) are situated on this platform. The western part of the Gulf consists of two basins. The Epidaurus Basin is of west-northwest-east-southeast orientation and more than 400 m deep, whereas the Megara Basin is of east-west orientation with relatively shallow depth, less than 250 m. The marginal extensional faults of the Epidaurus Basin strike parallel to the bathymetry and have a 350-m throw, forming a symmetric graben. The Megara Basin is formed by east-west to east-northeast-west-southwest marginal faults. The Eastern Saronikos gulf is dominated by northwest-southeast faults of relatively small throws and alternating shallow basins and plateaus (Papanikolaou et al., 1988) .
Several volcanoes and volcanic outcrops of PlioQuaternary age are also situated in the Gulf and are part of the western active Aegean volcanic arc. The westernmost group of volcanic outcrops are those of the Loutraki-Sousaki area. They are locally more than 70 m thick (Freyberg, 1973) . The peninsula of Methana consists mainly of a large volcanic dome and volcanic rocks of Pliocene and Quaternary age which are widely exposed (Gaitanakis and Dietrich, 1995) . The most recent eruption is dated around 250 B.C. and was desrcibed by Strabo (Stothers and Rampino, 1983) . To the northwest they appear to truncate all but the uppermost 100 m of Quaternary sediments (Papanikolaou et al., 1988) . Volcanic rocks are also found to the south of the island of Poros (Fytikas et al., 1986) . Clearly, volcanic activity in the Gulf is extensive, recent, and very close to Athens. It is poorly understood and its hazard has never been assessed.
From displacements at faults and the distribution of sediments it is shown that the Saronikos Gulf is more active in the west than in the east. This has also been verified by the microseismic activity, as will be presented subsequently.
The most seismically active area in the vicinity of Athens is the Corinthiakos Gulf, which exhibits deformation typical of the extension that dominates central Greece and the Peloponnese (Jackson et al., 1982; Collier et al., 1992; Armijo et al., 1996) , and an annual extension rate on the order of 1 to 7 mm. About 20% of this extension is linked to east-west-striking normal faults of eastern Corinthia (Papazachos and Kiratzi, 1996) . The continuation of this fault system to the east was also mapped by high-resolution, single-channel reflection seismic profiles (Papanikolaou et al., 1988) offshore in the Saronikos Gulf. A significant part of the observed seismicity coincides with this system of faults, as will be discussed subsequently.
Microseismicity
Within 45 days of field observations we recorded 739 microearthquakes above a threshold magnitude of M L 0.3 (Fig. 2 ), which were observed by at least six stations.
Magnitudes were defined by the coda length of the seismograms, calibrated by using earthquakes recorded also by the Seismograph Network of the NOA. For the magnitude estimates, we derived a mean function from four stations having similar site response and applied this relationship to the full temporary network (Fig. 3) .
The locations of the hypocenters were obtained using HYPOINVERSE software (Klein, 1989) . HYPOINVERSE allows the application of spatially varying local velocity models for the hypocenter location. The velocity model used was determined by a controlled source seismic experiment between Kythnos and Eratini, crossing the Saronikos Gulf from southeast to northwest (Makris et al., 2002) . However, to avoid local geological complexities, we adopted a mean velocity model, as presented in Table 1 .
Within the network most travel-time residuals after location have an rms 0.2 sec. This corresponds to an epicentral accuracy of the order of ‫2ע‬ km, depending on the local velocity model used, whereas the hypocentral depths are affected by an error twice this value. Outside the network, errors are significantly higher (Fig. 4) .
The frequency-magnitude distribution of the recorded events is shown in Figure 5 . Within the network the threshold magnitude of completeness is M L 1.7. Outside the network this increases to M L 2.3.
To demonstrate the advantage of using local networks over regional ones in assessing the seismic activity in this area, we present in Figure 6 a comparison between historic events (Fig. 6a) , instrumentally recorded events published by the NOA regional network (Fig. 6b) , and events recorded by this temporary local network (Fig. 6c) . The advantage of using a local network of densely spaced stations is obvious. Even a short period of observations is enough to resolve active structures that a regional network would require tens of years to identify due to the different threshold of completeness.
Within the network and its immediate vicinity we located 306 events (Fig. 7) . Most of them are within the upper 15 km of the crust, whereas only a few were found at depths exceeding 30 km. The distribution of the foci is illustrated in Figure 8 . The southwest-northeast oriented profile (Fig.  8) extends from eastern Peloponnese (point A) crossing the Saronikos Gulf to central Evia (point B). Hypocenters contained in a 100-km-wide zone, parallel to line AB, were projected in the surface defined by AB and the z axis extending to 40 km depth. Their distribution shows some distinct zones of foci concentration that can be associated with known faults. At 90 km (see Fig. 8 ) the hypocenters are located at the "Aegina fault" as presented in Figures 2 and 7 . The linear distribution of the foci along the fault extends to a depth of more than 15 km and marks a deep fracture of the thinned Saronikos crust. The next concentration, 20 km further northeast coincides with the faults east of the island of Salamis, which were reactivated by the "Athens Event" of 7 September 1999. They do not seem to have a deep extension and probably originate at the thrust front between the Cyclades Massif and west Attica. In the Parnis area, 30 km further northeast, we encounter the Fili fault zone. The seismicity shows that all faults around the Parnis epicenter of 7 September 1999 are still active and that the activity extends through the complete crust.
At 45-km distance to the northeast we cross an active seismic zone that is associated with the Chalkis area (see Fig. 2 ). The Psachna region nearby is presently very active and has hosted several M s 4.5 events. Another 35 km to the northeast we encounter the Kymi fault zone with intense crustal seismicity. This system of faults separates the northern part of the island of Evia from the Skyros basin and truncates the entire crust. Large-magnitude events have been reported from this zone (Makropoulos and Burton, 1984; Papazachos and Papazachou, 1997) . Finally, around the Skyros area, 65 km to the northeast off the coast, we encounter a seismically active region with a diffuse distribution of foci. This area is notorious for its intense seismicity and has hosted several large earthquakes (see, e.g., Makropoulos, 1978; Makropoulos et al., 1989) . The large distance of the Saronikos network from the island of Skyros and the limited period of monitoring does not permit us to associate the recorded microseismicity with the existing faults. A special study with a local network is needed because the position and size of the active faults around Skyros are not yet clearly mapped. In general, below Peloponnese and particularly the Saronikos gulf, the foci are located much deeper than below Attica, Evia, and the Aegean domain (see Fig. 8 ). This phenomenon points to the existence of two regional stress fields that dominate the deformation of the Hellenides and the Aegean region. Deeper seismicity, at subcrustal levels, as expressed below the Saronikos Gulf, is driven by the subduction of the lonian oceanic plate below Greece. Shallow seismicity, on the other hand, concentrated at crustal levels, is associated with extensional stresses due to deformation of the upper crust. The oceanic lithosphere is subducted to the northeast, whereas the continental crust and thinned lithosphere are uplifted and stretched westward. The crustal deformation is very complex involving rotation of blocks, normal faulting, and crustal fragmentation. Significant westward motion of the Hellenic napes creates a complex topography that complicates even more the tectonic phenomena, defining a third level of deformation at shallow depth, as recognized by GPS observations (Kahle et al., 1995) . This complex deformation has been extensively discussed in the geological and geophysical literature (see, e.g., Le Pichon and Angelier, 1979; McKenzie, 1978; Rotstein, 1985) and is also suggested on Figure 8 .
Correlation of Seismicity with Tectonic Elements
Within the Saronikos Network
To correlate the seismicity with the tectonic elements we used two sources of tectonic information: one is the Seismotectonic Map of Greece, published by IGME (1989) for the onshore areas, and the other is the submarine neotectonic map of Saronikos (Papanikolaou et al., 1988) . Although extensive literature exists on the regional deformation of the Hellenides (e.g., Papazachos and Delibasis, 1969; Papazachos and Comninakis, 1971; Taymaz et al., 1991; Stiros, 1993) it is the two sources mentioned here that best describe the Saronikos area.
The first observation worth mentioning is that the eastwest-oriented fault between the islands of Aegina and Salamis is also marked by significant seismic activity of shallow events. The seismicity can be followed onshore into east Corinthia, delineating an active fault of more than 30 km length. Such a fault can produce events on the order of magnitude M s 6.5 (see also Kiratzi et al., 1985) . The fact that historic catalogs (e.g., Papazachos and Papazachou, 1997; Ambraseys and Jackson, 1990) do not report events from this offshore area (see Fig. 3 ) is due to bias of observations based on land-locked locations only.
Significant activity was also identified at the eastern coast of Aegina, along a northeast-southwest-trending lineament, mapped by Papanikolaou et al. (1988) . At the volcanic areas of Methana and Aegina, on the other hand, we did not map shallow seismicity worth mentioning. Although many foci locations below the Saronikos Gulf are subcrustal and associated with the subducting oceanic slab below the Hellenides (see also Leydecker, 1975; Makropoulos, 1978; Makris and Roever, 1986 ), we could not associate the seismic activity with magma movements or hydrothermal processes in the volcanic zone. This is probably due to the inadequate density of the local network, which did not permit the identification of events of so small magnitude and volcanic noise. Of interest is the area of Mount Parnis where the 1999, M s 5.9 "Athens Event" occurred. We observed a great concentration of microearthquakes close to the 1999 epicentral location of the mainshock, indicating that the aftershock activity is still ongoing and the stresses responsible for this event have not yet been completely relaxed. Also the area of Spata, in southeastern Attica is seismically active along a fault of northeast-southwest orientation, extending offshore in the southern Evoikos Gulf (see Figs. 2, 6c, and 7) .
Outside the network we recorded high seismicity in three areas (see Fig. 2) . One is the northeastern part of the Corinth Basin, toward Thiva. This area is well known to seismologists for its intense activity and, in particular, the destructive earthquake sequence of 1981 that severely damaged this region. The second area is the northeastern part of central Evia (Fig. 2) , north of Kymi as mentioned previously. This coastal part of the island and its immediate interior are seismically very active. We could not define the faults precisely, since the network is located at a distance of 80 to 100 km. The lateral velocity variations in the crust and sediments are intense and cause significant systematic errors in locating the hypocenters. Assuming a lateral homoge- neous velocity model and reducing the three-dimensional structure to one dimension only, location uncertainties increase and errors may easily become systematic.
The third region we want to refer to is that to the east and northeast of the island of Skyros (see Fig. 2 ). Here the high seismicity recorded is associated with the aftershock sequence of the M s 5.8 "Skyros Earthquake" of 2001. A precise definition of the associated active faults is also not possible for the reasons stated previously.
Conclusions
The Saronikos local seismic network, despite its limited operation of 45 days, produced important results permitting several conclusions on the existence and location of active faults previously unknown or inaccurately mapped. The shallow seismicity within the network is, to a great extent, associated with the deformation and opening of the Corinthiakos Gulf, which is one of the most rapidly deforming areas of Greece. This is particularly true for the east-west fault extending from Corinthia across the Saronikos Gulf, between the islands of Salamis and Aegina. The deep, subcrustal seismicity, extending to a minimum of 100 km depth, is obviously linked to the interaction of a subducted oceanic Ionian Sea lithosphere with the mantle below Corinthia, the Saronikos Gulf, and western Attica. The subducting lithosphere is limited to the north by the volcanic area of Lichades, in the northern Evoikos Gulf. Deep seismic events reported by the Greek Seismological Services and our observations indicate that this is the northernmost limit of the subducting slab. All the remaining seismicity is crustal. It is controlled to the east, in the central and north Aegean Sea, by transtension and normal faulting along the Corinthia Rift due to rearrangement of crustal blocks escaping the compression along the western Hellenides.
Use of a local velocity model obtained by a controlledsource seismic experiment (Makris et al., 2002) significantly increased the location accuracy. The seismicity defined by observations of the seismological network of Greece delineates active faults by the concentration of large-magnitude events observed over long periods of time. Local networks can significantly improve the picture by detecting and better locating small-magnitude events over short periods of time. This permits rapid assessment of the seismic hazard of an area. The necessity for an accurate three-dimensional velocity model for the territory of Greece cannot be stressed enough. It is mandatory if we wish to more accurately define the active faulting and provide the engineering community with the reliable seismic hazard parameters needed. Figure 6 . A comparison among historical (Papadopoulos et al., 2000: 450 B.C. to 1889, light-gray circles; Makropoulos et al., 1989 and Papazachos and Papazachou, 1997 : 1914 -1964 , dark-gray circles and NOA bulletins 1965 -1999 : black circles), (a), instrumental readings from NOA (b), and presently recorded seismicity (c) in the Saronikos Gulf and adjacent areas. Figure 7 . Location of events recorded within the Saronikos network. A minimum of six records per event has been used to locate each: earthquake. Events with an rms value exceeding 0.5 sec have been discarded. Active faults identified by our observations are marked in red. A discussion of the map is presented in the text.
